Retrotransposons are a major component of virtually all eukaryotic genomes, which makes them useful as molecular markers. Various molecular marker systems have been developed that exploit the ubiquitous nature of these genetic elements and their property of stable integration into dispersed chromosomal loci that are polymorphic within species. To detect polymorphisms for retrotransposon insertions, marker systems generally rely on PCR amplifi cation between the retrotransposon termini and some component of fl anking genomic DNA. The main methods of IRAP, REMAP, RBIP, and SSAP all detect the polymorphic sites at which the retrotransposon DNA is integrated into the genome. Marker systems exploiting these methods can be easily developed and are inexpensively deployed in the absence of extensive genome sequence data. Here, we describe protocols for the IRAP, REMAP, and iPBS techniques, including methods for PCR amplifi cation with a single primer or with two primers, and agarose gel electrophoresis of the product using optimal electrophoresis buffers; we also describe iPBS techniques for the rapid isolation of retrotransposon termini and full-length elements.
Introduction
Interspersed repetitive sequences comprise a large fraction of the genome of most eukaryotic organisms, and they are predominantly composed of transposable elements (TEs) [ 1 ] . In most species that have been studied, interspersed repeats are distributed unevenly across the nuclear genome, with some repeats having a tendency to cluster around the centromeres or telomeres [ 2 -4 ] . Following the induction of recombinational processes during meiotic prophase, variation in the copy number of repeat elements and internal rearrangements on both homologous chromosomes can ensue.
Nucleotide sequences matching repetitive sequences showing polymorphism in RFLP analyses have been used as polymerase chain reaction (PCR) primers for the inter-repeat amplifi cation polymorphism marker method [ 5 , 6 ] . Such repetitive sequences include microsatellites, such as (CA/GT) n or (CAC/GTG) n , which are distributed throughout the genome. A related approach was Retrotransposon-based systems ( Fig. 1 ) detect the insertion of elements hundreds to thousands of nucleotides long, although generally only the insertion joint itself is monitored due to the impracticality of amplifying and resolving long fragments and discriminating their insertion sites. The LTRs that bound a complete retrotransposon contain ends that are highly conserved in a given family of elements. Newly inserted retrotransposons, therefore, form a joint between the conserved LTR ends and fl anking, anonymous genomic DNA. Most retrotransposon-based marker systems use PCR to amplify a segment of genomic DNA at this joint. Generally, one primer is designed to match a segment of the LTR conserved with a given family of elements but different in other families. The primer is oriented towards the LTR end. The second primer is designed to match some other feature of the genome. The fi rst retrotransposon method described was SSAP or S-SAP
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(sequence-specifi c amplifi ed polymorphism, see Fig. 1a ), where one primer matched the end of the BARE1 retrotransposon of barley and the other matched an AFLP-like restriction site adapter [ 18 ] .
Sequence-specifi c amplifi ed polymorphism (SSAP) was described by Waugh and coworkers in 1997 [ 18 ] , but has several origins and forms [ 19 -22 ] . The SSAP method can be considered to be a modifi cation of AFLP [ 23 ] or as a variant of anchored PCR [ 24 ] . The method described by Waugh and colleagues [ 18 ] has many similarities to AFLP, especially in that two different enzymes are used to generate the template for the specifi c primer PCR and that selective bases are used in the adapter primer.
In the SSAP procedure, it is important to maximize the sequence complexity of the template for the specifi c primer amplifi cation, so a single enzyme digestion is used [ 25 ] . As with the method described for BARE1 [ 18 ] , the adapter primer is selective. This is a matter of convenience, and nonselective primers could be substituted where the enzyme used for digestion has a larger recognition sequence, or if the copy number were lower. In general, LTR ends are convenient for the design of SSAP primers [ 26 ] . However, for the PDR1 retrotransposon in Pisum , the LTR is exceptionally short at 156 bp, so a GC-rich primer could be designed corresponding to the polypurine tract (PPT) which is found internal to the 3′ LTR in retrotransposons. For BARE1 in barley and other high-copy-number families, the number of selective bases may be increased compared to the fi rst version of the [ 18 , 27 ] . Furthermore, BARE1 and most other retrotransposons have long LTRs, necessitating an anchor primer in the LTR near to the external terminus. The main feature of the SSAP procedure that may be modifi ed for various situations is the location of the sequence-specifi c primer [ 28 ] . The choice of this primer is critical and can be modifi ed according to need. For example, internal primer sites have been exploited to describe structural variation within retrotransposons [ 29 ] , and the primers can be applied to defi ned sequences other than the LTR or PPT.
SequenceSpecifi c Amplifi ed Polymorphism
The IRAP (Fig. 1b ) and REMAP (Fig. 1c ) methods represent a departure from SSAP, because no restriction enzyme digestion or ligation step is needed and because the products can be resolved by conventional agarose gel electrophoresis without resort to a sequencing apparatus. The IRAP method detects retrotransposon insertional polymorphisms by amplifying the portion of DNA between two retroelements. It uses one or two primers pointing outwards from an LTR and therefore amplifi es the tract of DNA between two nearby retrotransposons. IRAP can be carried out with a single primer matching either the 5′ or 3′ end of the LTR but oriented away from the LTR itself or with two or more primers. The two primers may be from the same retrotransposon element family or may be from different families. The PCR products, and therefore the fi ngerprint patterns, result from amplifi cation of hundreds to thousands of target sites in the genome.
The complexity of the pattern obtained will be infl uenced by the retrotransposon copy number, which mirrors genome size, as well as by their insertion pattern and by the size of the retrotransposon families chosen for analysis. Furthermore, thousands of products can neither be simultaneously amplifi ed to detectable levels nor resolved on a gel system. Hence, the pattern obtained represents the result of competition between the targets and products in the reaction. As a result, the products obtained with two primers do not represent the simple sum of the products obtained with the primers individually.
If retrotransposons were fully dispersed within the genome, IRAP will either produce products too large to give good resolution on gels or target amplifi cation sites too far apart to produce products with the available thermostable polymerases. This is because retrotransposons generally tend to cluster together in "repeat seas" surrounding "gene islands" and may even nest within each other. For example, the BARE1 retrotransposon of barley, an abundant superfamily Copia element, is present as about 13,000 full-length copies of about 8.9 kb and 90,000 solo LTRs of 1.8 kb in the cultivar Bomi. Given a genome of roughly 5 × 10 9 bp, these elements comprise 5.6 % of the genome but would occur only about once every 46 kb if they were fully interspersed. Nevertheless, IRAP with BARE1 primers displays a range of products from 100 bp upwards of 10 kb (Fig. 2 ). The REMAP method is similar to IRAP, except that one of the two primers matches an SSR motif with one or more non-SSR anchor nucleotides present at the 3′ end of the primer. Microsatellites of the form (NN) n , (NNN) n , or (NNNN) n are found throughout plant and animal genomes. In cereals, they furthermore appear to be associated with retrotransposons [ 30 ] . Differences in the number of SSR units in a microsatellite are generally detected using primers designed to unique sequences fl anking microsatellites. Alternatively, the stretches of the genome present between two microsatellites may be amplifi ed by ISSR [ 6 , 8 ] , in a way akin to IRAP. In REMAP, anchor nucleotides are used at the 3′ end of the SSR primer both to avoid slippage of the primer within the SSR, which would produce a "stutter" pattern in the fi ngerprint, and to avoid detection of variation in repeat numbers within the SSR. REMAP uses primer types that are shared by IRAP and ISSR. Although it would appear that the SSR primers in REMAP should also yield ISSR products and the LTR primers also IRAP products, in practice this is rarely the case. This is probably due to a combination of factors including both genome structure and competition within the PCRs. A major disadvantage of all retrotransposon-based molecular marker techniques is the need for sequence information to design elementspecifi c primers. The primary requirement is the sequence of an LTR end, harvested either from a database or produced by cloning and sequencing the genomic DNA that fl anks conserved segments of retrotransposons. Although rapid retrotransposon isolation methods based on PCR with conserved primers for TE have been designed, it maybe still necessary to clone and sequence hundreds of clones to obtain a few good primer sequences. The LTRs contain no conserved motifs, which would allow their direct amplifi cation by PCR.
Several restriction and adaptor-based methods for LTR cloning have been developed, which are based on the conservation of reverse transcriptase domain, especially for the superfamily Copia retrotransposons [ 28 ] . In general, however, all reverse-transcribing elements, including LTR retrotransposons of superfamily Gypsy as well as LINE retrotransposons, can be obtained by PCR with degenerate primers. For example, for Copia , two degenerate primers were designed for the RT motifs encoding TAFLHG and, for the reverse primer, the downstream YVDDML, as well as for QMDVKT and YVDDML respectively, in order to amplify the family-specifi c domain in between [ 31 -33 ] . For Gypsy elements, degenerate primers were designed for the RT motifs encoding RMCVDYR, LSGYHQI, or YPLPRID and for the reverse primers for the domains YAKLSKC or LSGYHQI. The RT-based isolation method is limited, of course, to the families of retrotransposons that contain RT and the chosen domains. Thus, for example, nonautonomous groups such as TRIMs, LARDs, and SINEs cannot be found using this approach [ 34 , 35 ] .
The LTR retrotransposons and all retroviruses contain a conserved binding site for tRNA. Gln can be found. Elongation from the 3′-terminal nucleotides of the respective tRNA results in the conversion of the retroviral or retrotransposon RNA genome to double-stranded DNA prior to its integration into the host DNA. While the process of reverse transcription is conserved among virtually all retroelements, the specifi c tRNA capture varies for different retroviruses and retroelements. The primer binding sequences (PBS) are almost universally present in all LTRretrotransposon sequences. Hence, an isolation method for retrotransposon LTRs, which is based on the PBS sequence, has the potential for cloning all possible LTR retrotransposons.
The inter-PBS amplifi cation (iPBS) technique has led to the development of a virtually universal and exceedingly effi cient method, which utilizes the conserved parts of PBS sequences, both for direct visualization of polymorphism between individuals, polymorphism in transcription profi les, and fast cloning of LTR segments from genomic DNA, as well as for database searches of LTR retrotransposons (Fig. 3 ) . Many retrotransposons are nested, recombined, inverted, or truncated, yet can be easily amplifi ed
Inter-primer Binding Site Polymorphism (iPBS)
using conserved PBS primers in all plant species tested. Fragments of retrotransposons containing a 5′ LTR and part of the internal domain are often located near other entire or similarly truncated retrotransposons. Therefore, PBS sequences are very often located suffi ciently near to each other to allow amplifi cation. This situation allows the use of PBS sequences for cloning LTRs. Where the retrotransposon density is high within a genome, PBS sequences can be exploited for detection of their chance association with other retrotransposons. When retrotransposon activity or recombination has led to new genome integration sites, the iPBS method can be used to distinguish reproductively isolated plant lines. In this case, amplifi ed bands derived from a new insertion event or from recombination will be polymorphic, appearing only in plant lines in which the insertions or recombination have taken place.
The PBS primer(s) can amplify nested inverted retrotransposons or related elements' sequences dispersed throughout genomic DNA. The PCR amplifi cation occurs in this case between two nested elements' PBS domains and produces fragments containing the insertion junction between the two nested LTRs. After retrieving LTR sequences of a selected family of retrotransposons, an alignment is made of them to fi nd the most conserved region [ 36 ] . The related plant species have conserved regions in LTR for members of the same retrotransposon family. Thus, alignments of several LTR sequences from several species will identify these conserved regions. Subsequently, these conserved domains of LTRs can be used for inverted primers designed for long distance PCR, for cloning of whole retrotransposons, and also for the IRAP, REMAP, or SSAP marker techniques. The iPBS amplifi cation technique shows about the same level of polymorphism in comparison with IRAP and REMAP, and it is an effi cient method for the detection of cDNA polymorphism and clonal differences resulting from retrotransposon activities or recombination.
Fig. 3
The inter-PBS amplifi cation (iPBS) scheme and LTR retrotransposon structure. Two nested LTR retrotransposons in inverted orientation amplifi ed from single primer or two different primers from primer binding sites. PCR product contains both LTRs and PBS sequences as PCR primers in the termini. In the fi gure, general structure for PBS and LTR sequences and several nucleotides long spacer between 5′LTR (5′-CA) and PBS (5′-TGG3′) are schematically shown
Materials
Prepare all solutions using Milli-Q or equivalent ultrapure water and analytical grade reagents.
1. TE buffer (10×): 100 mM Tris-HCl (pH 8.0), 10 mM EDTA.
DNA and primers should be stored in a 1× TE solution. 
Electrophoresis buffer (10× THE
)
Methods
PCR primers are designed to match an LTR sequence near to either its 5′ or 3′ end, with the primer oriented so that the amplification direction is towards the nearest end of the LTR. Generally it is best to base the design on a sequence alignment for representative LTRs from a particular family of elements and to place the primer within the most conserved region for that family. For long LTRs, it is often useful to test primers at several locations within the LTR or internal part of the retrotransposon and in both orientations, particularly if there is evidence for nested insertions in the genome. Primers can be placed directly at the end of the LTR facing outwards, provided that they do not form dimers or loops. For primers placed at the edge of the LTR, one or more additional selective bases can be added at 3′ end in order to reduce the number of amplifi cation targets (Fig. 4 ) . This can be tried in a second round of primer design, if the initial primer yields amplifi cation
Primer Design
products containing too many weak individual bands for analysis by gel electrophoresis. If the LTRs are short (<300 bp), the primers may also be designed to match internal regions, but this will concomitantly increase the size of the amplifi ed products. Database searches can sometimes be used to fi nd unannotated, native LTR sequences matching characterized retrotransposons from other species. However, care should be taken in defi ning the ends of the LTRs. Generally, mapping of the RT primer binding sites PBS and PPT is needed in order to defi ne the LTR ends with confi dence. Microsatellite primers for REMAP or ISSR should be TGGGAAGTAGTAAGTAGATGATGGGTTGCTCGAGTGACAGAAGCTTAAACCCCAGTTTATGTGTTGCTTCGTGAGGGGCTGATTTGGATCCA  TGGGA-GTAGTAAGTAGATGATGGGTTGCTAGAGTGACAGAAGGTTAAACCCCGGTCTATGCGTTGCTTCGTAAGGGGCTGATTTGGATCCA  TGGGAAGTAGTAAGTAGATGATGGGTTGCTAGAGTGACAGAAGCTTAAACCCTAGTTTATGCGTTGCTTCGTAAGGGGCTGATTTGGACCCA  TGGGAAGTAGTAAGTAGATGATGGGTTGCTAGAGTGACAGAAGCTTAAACCCTAGTTTATGCGTTGCTTCGTAAGAGGCTGATTTGGATACA  TGGGAAGTACTAAGTAGATGATGGGTTGCTAGAGTAACAGAAGCTTAAACCCTAGTTTATGCGTTGCTTCGTAAGGGGCTGATTTGGATCCA  TGGGAAGTCATAAGTAGATGATGGGTTGCTAGAGTGACAGAAGCTTAAACCCTAGTTTATGCGTTGCTTCGTAAGGGGCTGATTTGGATCCA  TGGGAAGTAGTAAGTAGATGATGGGTTGCTAGAGTGACAGAAGCTTAAACCCTAGTTTATGCGTTGCTTCATAAGGGGCTGAATTGGATCCA  TGGGAAGTAATAAGTAGATGATGGGTTGCTAGAGTGACAGGAGCTTAAACCCTAGTTTATGCGTTTCTTCGTAAGGGGCTGATTTGGATCCA  TGGGAAGTAGTAAGTAGATGATTGGTTGCTAGAGTGACAGAAGCTTAAACCCTAGTTTATGCGTTGCTTCGTAAGGGGCTAATTTGGATCCA  TAGGAAGTAATAAGTAGATTATGGGTTGCTAGAGTGACAGAAGCTTAAACCCTAGTTTATGCGTTGCTTCGTAAGGGGCTGATTTGGATCCA  TGGGAAGTAATAAGTAGATGATGGGTTGCTAGAGTGACAGAAGCATAAACCCTAGTTTATGTGTTGCTTCGTAAGGGGCTGATTTGGATCCA  TGGGAAGTAATAAGTAGATGATGGGTTGCTAGAGTGACATAAGCTTAAACCCTAGTTTATGCGTTCCTTTGTTAGGGGCTGATTTGGATCCA  TGGGAAGTAATAAGTAGATGATGGGTTGCTAGAGTGACACAAGCTTAAACCCTAGTTTATGCGTTGCTTCATAAGGGGCTGATTTGGATCCA  TGGGAAGTAATAAGTAGATGATGGGTTGCTAGAGTGACACAAGCTTAAACCCTAGTTTATGCGTTGCTTCATAAGGGGCTGATTTGGATCCA  TGGGAATTAATAAGTAGATGATGGGTTGCTAGAGTGACAGAAGCTTAAACCCTAGTTTATGCGTTGCTTCGTTAGGGGCTGATTTGGATCCA  GGGGAAGTAATAAGTAGATGATGGGTTTCTAGAGTGACAAAAGCTTAAACCCTAGTTTATGTGTTGCTTCATTAGGGGCTGATATGGATCCA 5'-TGGGTTGCTAGAGTGACAGAAGC 5'-CTTCGTAAGGGGCTGATTTGGATC Fig. 4 Example of LTR primer design: conserved 3′ end of Cereba LTRs and matching primers Table 1 Microsatellite primers
Microsatellites sequence Primers sequences (5′-3′) T m (°C) a
Two-base-repeat microsatellites designed according to two principles: fi rst, the primer length should be between 19 and 22 bases; second, the last base at 3′-end of the primer should be designed as a selective base, which is absent in repeat unit itself. We have provided examples of LTR conservation and consequent primer design for LTRs and microsatellites ( Fig. 4 and Tables 1 , 2 , and 3 ). We have designed primers using the FastPCR software [ 37 ] or Java Web tools [ 38 ] . Occasionally, not all primers (those derived from retrotransposons or SSR primers) will work in the PCR. The genome may contain too few retrotransposon or microsatellite target sites, or they may be too dispersed for the generation of PCR products. Alternatively, sequence divergence in ancient retrotransposon insertions or polymorphisms between heterologous primers and native elements may lead to poor amplifi cation. Some primers generate smears under all PCR conditions. Many sources can contribute to this problem, ranging from primer structure to variability in the target site and competition from other target sites. Generally, it is more effi cient to design another primer than to try to identify the source of the problem. Furthermore, primers which produce a single, very strong band are not suitable for fi ngerprinting.
The quality of template DNA plays an important role in the quality of the resulting fi ngerprint. Standard DNA extraction methods are suffi cient to yield DNA of high quality from most samples. DNA should be free of polysaccharides, pigments, and secondary metabolites. Some tissue materials contain much polysaccharides, pigments, oils, or polyphenols, which can reduce the effi ciency of PCR. Furthermore, contaminated DNAs will decline in PCR performance during prolonged (a month or more) periods of storage, due to chemical modifi cation ( see Note 2 ). Such DNAs (e.g., from Brassica spp.) should be extracted, for example, with methods involving guanidine thiocyanate at weakly acidic pH (below pH 6), followed by hot chloroform DNA extraction. DNA templates should be diluted with 1× TE solution for the appropriate working concentration (5 ng/μL) and stored at 4 °C. High-quality DNA can be stored at 4 °C for many years without showing any PCR inhibition or decrease in amplifi cation effi ciency for the longer bands. Table 3 (continued)
Template DNA
The method described below is for reactions with standard Taq polymerase or with proofreading Phire ® Hot Start II DNA Polymerase. PCR products can be separated by agarose gel electrophoresis or, if fl uorescent-labeled primers are used after Tai I digestion of PCR fragments, by sequencing gel systems instead. For separation on sequencing systems, fl uorescent, Cy5-or Cy3-labeled primers may be used; no special reaction conditions are needed.
1. The PCR can be set up at room temperature. Prepare a master mix for the appropriate number of samples. The DNA polymerase is the last component added to the PCR mixture. Mix well the master mix and centrifuge the tube. The reaction volume may vary from 10 to 25 μL; 10 μL is enough for running two gels. The fi nal primer concentration(s) in the reaction can vary from 200 to 400 nM for primers in combination. For a single PCR primer, use 400 nM for IRAP and 1,000 nM for iPBS amplifi cation. Although higher primer concentrations increase PCR effi ciency and the rapidity of DNA amplifi cation, they also produce over-amplifi ed products. 7. The time of the annealing step can vary from 30 to 60 s, and the annealing temperature depends on the melting temperature of the primer; it should be between 55 and 68 °C (60 °C is optimal for almost all primers and their combinations in IRAP and REMAP; see Note 5 ).
8. PCRs can be stored at 4 °C overnight.
Polymerase Chain Reaction
Protocol for IRAP, REMAP, and iPBS
Complete LTR retrotransposons can be identifi ed and extracted using long distance PCR with inverted LTR primers and running low numbers of PCR cycles [ 10 -15 ] to select for abundant elements. The iPBS amplifi cation technique helps with cloning of LTR segments from genomic DNA or with database searches. After retrieving LTR sequences of a selected family of retrotransposons, align them to identify the most conserved regions. The conserved segments of the LTR are used for design of inverted primers for long distance PCR, such as for cloning of whole elements ( see Note 6 ). Several primer pairs, oriented away from each other as for inverse PCR, are designed for each identifi ed element. Inverted primers of 25-30 nt with high T m (>60 °C) need to be designed from the LTR. This allows annealing and polymerase extension in one step at 68-72 °C, thereby increasing the effi ciency of the amplifi cation of long fragments. The PCR product will be consist of complementary fragments of both LTRs and the central part of retroelement. To avoid formation of nonspecifi c PCR products and, assuming a high copy number for the retroelement of interest, the reaction is carried out with a low number of PCR cycles [ 10 -15 ] .
The PCRs can be set up at room temperature.
1. The 100 μL reaction volume contains 1× Phusion™ HF buffer, 100 ng DNA, 300 nM of each primer, 200 μM dNTP, 2 U Phusion™ High-Fidelity DNA Polymerase.
2. The reaction cycle consists of a 1 min initial denaturation step at 98 °C; 10-15 cycles of 10 s at 98 °C, 4 min at 72 °C; a fi nal extension of 5 min at 72 °C.
3. PCRs can be stored at 4 °C overnight.
For separation on sequencing systems, fl uorescent, Cy5-or Cy3-labeled primers need to be used. The PCR products are digested using restriction enzymes recognizing four nucleotides when they exceed the system resolution range (generally over 500 bp; Fig. 5 ). Such enzymes include Alu I, Csp6 I, Msp I, Tai I, and Taq I.
1. Reactions are set up at room temperature. Prepare a 2× master mix for the appropriate number of samples to be amplifi ed.
2. Perform PCR product digestion with Tai I restriction enzyme in a 20 μL reaction mixture. Add an equal volume of 2× loading buffer to the completed PCRs in tubes or plates and mix well. Collect the mixture by a short centrifugation (by turning a benchtop microcentrifuge on and immediately off again). Load the gels with a sample volume of 8-10 μL. The DNA concentration plays an important role in gel resolution. Overloaded lanes will result in poor resolution.
1. Prepare 200 mL of 1.6 % (w/v) agarose containing 1× THE buffer in a 500 mL bottle. This volume is required for one gel with the dimensions 0.4 cm × 20 cm × 20 cm. Dissolve and melt the agarose in a microwave oven. The bottle should be closed, but the plastic cap must not be tightened! The agarose gel must be completely melted in the microwave and then allowed to slowly cool until its temperature drops to about 50-60 °C. At that point, if desired, add the ethidium bromide solution at a rate of 50 μL per 100 mL, to bring the fi nal concentration to 0.5 μg per mL (alternatively the gel can be stained at the end of the run). Take care not to boil over the agarose. Add ethidium bromide only after removing the agarose from the microwave oven to minimize risks from boilover. The agarose gel must melt and dissolve properly. Small undissolved inclusions will severely hamper the quality of the results. Do not allow the gel to cool unevenly before casting, for example, by leaving it stand on the benchtop or in cool water. The best way to cool the agarose is by shaking it at 37 °C for 15 min. Careful casting of gels is critical to success. Small, undissolved agarose inclusions in the gels will result in bands with spiked smears.
Sample Preparation and Loading
Casting the Agarose Gel
2. Pour the agarose into the gel tray (20 × 20 cm) . Allow the agarose to solidify at room temperature for 1 h minimum. For optimal resolution, cast horizontal gels 3-4 mm thick. The volume of gel solution needed can be estimated by measuring the surface area of the casting chamber and then multiplying by gel thickness.
3. Fill the chamber with 1× THE running buffer until the buffer reaches about 3-5 mm over the surface of the gel.
Select running conditions appropriate to the confi guration of your electrophoresis box. For a standard 20 × 20 cm gel, carry out electrophoresis at a constant 80-100 V for 5-9 h (a total of 700-900 Vh). Electrophoresis may cause the gels to deteriorate after several hours; their temperature should not be allowed to exceed 30 °C, above which electrophoretic resolution will be impaired. Still better results are obtained with a slower run. We routinely use 90 V for 7 h or overnight at 50 V for 14 h (700 Vh). As the end of the run approaches, it is helpful to check the run with a UV transilluminator. For samples with many or large (>500 bp) bands, perform the gel electrophoresis at a constant voltage of 50 V overnight (17 h).
A high-quality gel scanner with good sensitivity and resolution is also very important. Older video systems, which may be suitable for checking the success of restriction digests, cloning reactions, or simple PCRs, are not suitable for analysis of complex banding patterns. DNA can be visualized directly by casting ethidium bromide into gel as described above or by incubating in an ethidium bromide solution of equivalent strength following electrophoresis. The gels are scanned on an FLA-5100 imaging system (Fuji Photo Film GmbH., Germany) or equivalent scanner with a resolution of 50-100 μm, or on a digital gel electrophoresis scanner for detection of ethidium bromide-stained nucleic acids by fl uorescence using a second-harmonic-generation (SHG) green laser, 532 nm, or by SYBR Green (Molecular Probes), GelGreen (Biotium), GelStar (Lonza), using a SHG blue laser, 473 nm.
Gel Electrophoresis
DNA Visualization
This protocol is for T/A-end cloning of blunt-ended DNA fragments that are amplifi ed with a proofreading DNA polymerase ( Phusion ™, Phire ® II, and Pfu DNA polymerases). When the PCR mixture contains more than one band of amplifi ed DNA, purify the target fragment by electrophoresis in an agarose gel with SYBR Green I stained DNA. If not purifi ed by gel electrophoresis, PCRamplifi ed DNA should be prepared for ligation by purifi cation with a QIAEX II Gel Extraction Kit.
1. Non-templated 3′ adenosine is added to the blunt-end PCR fragments by adding 5 U of Taq polymerase per 100 μl reaction volume and 1 μM dATP (a fi nal concentration) directly to PCR mix that is amplifi ed with proofreading DNA polymerase and incubating for 30 min at 72 °C. 2. The DNA quality is very important, as it is for most PCRbased methods. DNA purifi cation with a spin-column containing a silica-gel membrane is not a guarantee of high DNA quality for all plant samples or tissues. One sign of DNA contamination is that, after some period of time (a month or more) in storage, only short bands can be amplifi ed.
Cloning PCR Fragment
3. The amount of DNA template should be about 1 ng DNA per 1 μL of PCR volume. Much higher DNA concentrations will produce smears between the bands, which is a sign of over-amplifi cation.
4. The result from primer T m calculation can vary signifi cantly depending on the method used. We have provided a system for T m calculation and corresponding instructions on the website http://primerdigital.com/tools/ to determinate the T m values of primers and optional annealing temperature. If using a two-step PCR protocol, where both annealing and extension occur in a single step at 68-72 °C, the primers should be designed accordingly. If necessary, use a temperature gradient to fi nd the optimal temperature for each template-primer pair combination.
5. The optimal annealing temperature ( T a ) is the range of temperatures where effi ciency of PCR amplifi cation is maximal without nonspecifi c products. Primers with high T m s (>60 °C) can be used in PCRs with a wide T a range compared to primers with low T m s (<50 °C). The optimal annealing temperature for PCR is calculated directly as the value for the primer with the lowest T m ( T m min ) plus the natural logarithm of fragment size T a = T m min + ln( L ), where L is length of PCR fragment [ 38 ] .
6. Development of a new marker system for an organism in which retrotransposons have not been previously described generally takes about 1 month. The availability of heterologous and conserved primers as well as experience in primer design, sequence analysis, and testing speeds up the development cycle. Routine analysis of samples with optimized primers and reactions may be carried out thereafter. Retrotransposons have several advantages as molecular markers. Their abundance and dispersion can yield many marker bands, the pattern possessing a high degree of polymorphism due to transpositional activity. The LTR termini are highly conserved even between families, yet longer primers can be tailored to specifi c families. Unlike DNA transposons, the new copies are inserted but not removed. Even intra-element recombination resulting in the conversion of a full-length element to a solo LTR does not affect its performance in IRAP or REMAP. Retrotransposon families may vary in their insertional activity, allowing the matching of the family used for marker generation to the phylogenetic depth required. The primers for different retrotransposons and SSRs can be combined in many ways to increase the number of polymorphic bands to be scored. Furthermore, the length and conservation of primers to the LTRs facilitate cloning of interesting marker bands and the development of new retrotransposons for markers. The IRAP and REMAP fi ngerprinting patterns can be used in a variety of applications, including measurement of genetic diversity and population structure [ 17 , 40 -43 ] , determination of essential derivation, marker-assisted selection, and recombinational mapping [ 3 , 44 ] . In addition, the method can be used to fi ngerprint large genomic clones (e.g., BACs) for the purpose of assembly. The method can be extended, as well, to other prevalent repetitive genomic elements such as MITEs. Although SSAP is somewhat more general than IRAP or REMAP, requiring only a restriction site near the outer fl ank of a retroelement, its requirement for two additional enzymatic steps introduces the possibility of artifacts from DNA impurities, methylation, and incomplete digestion or ligation. Furthermore, SSAP generally requires selective nucleotides on the 3′ ends of the retrotransposon primers in order to reduce the number of amplifi cation products and increase their yield and resolvability. As for IRAP and REMAP, the resulting subsets of amplifi able products are not additive [ 18 ] . The strength of all these methods is that the degree of phylogenetic resolution obtained depends on the history of activity of the particular retrotransposon family being used. Hence, it is possible to analyze both ancient evolutionary events such as speciation and the relationships and similarities of recently derived breeding lines. The IRAP and REMAP can be generalized, furthermore, to other transposable element systems, such as to MITEs, and to other organisms. For example, the SINE element Alu of humans has been used in a method called Alu -PCR in a way similar to IRAP and REMAP [ 7 , 45 , 46 ] .
